The binding energy of the exciton in the symmetric and asymmetric GaAs/Ga 1−x Al x As quantum wells is calculated with the use of a variational approach. Results have been obtained as a function of the potential symmetry, and the size of the quantum well in the presence of an arbitrary magnetic field. The applied magnetic field is taken to be parallel to the axis of growth of the quantum well structure. The role of the asymmetric barriers, magnetic field, and well width in the excitonic binding is discussed as the tunability parameters of the GaAs/Ga 1−x Al x As system.
Introduction
With recent developments in low-dimensional systems, the electromagnetic properties of an electron gas confined in a quantum well semiconductor heterostructure have attracted wide attention due to the possibility in high-performance electronics of tunneling devices. The quantum devices usually studied may consist of a single barrier, a quantum well or double barrier or multiple quantum well structures. These quantum devices are commonly taken to be symmetric, but the asymmetric quantum devices give new tunable properties which are very important for device applications [1] [2] [3] [4] [5] [6] [7] [8] . The research on the linear and nonlinear optical properties of semiconductors has further been stimulated by the increasing number of applications of the semiconductor diode laser and optoelectronic components in communications and consumer electronics. The main advantage of the GaAs/Ga 1−x Al x As system is the combination of large optical nonlinearities and the direct band gap, which leads to very efficient radiative recombination of carriers [9] . These physical properties are essential for the operation of very fast optical switches.
Due to the improved qualities of the heterojunction devices, a practical sample with asymmetric potential configuration can be fabricated by using different x parameters in Ga 1−x Al x As to achieve a different potential barrier height in a quantum well structure. In particular, the theoretical problems of excitons in low-dimensional systems subject to a magnetic and an electric field has been treated by a number of authors [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . The study of the electronic structure of an electron in low-dimensional structures is therefore of considerable interest and will be helpful in realizing the optical properties, transport phenomena, and quantum effects of the quantum devices with different potential configurations. Recently, a large number of experimental studies on the optical properties of wide-gap compound semiconductor quantum wells has appeared in the literature. In these materials, usually strong exciton effects have been measured [23] [24] [25] [26] [27] .
The aim of the present paper is to study the role of the potential symmetry, magnetic field and well width in the excitonic binding in quantum wells with finite potential barriers. We use a variational approach and subband mixing is ignored. Since the potential barriers are finite, the electron and hole can penetrate into the barriers, therefore the transition of the exciton from three dimensions to two dimensions is predicted. We will show that in the range of the well width, where the exciton has a two-dimensional character, the binding energy is very sensitive to the magnetic field and well width values.
Also, we have calculated the overlap function F(0) as a function of the well width between the electron and hole to describe the exciton behavior in asymmetric quantum wells. Although several authors have done a considerable amount of work on the properties of excitons in quantum wells, to our knowledge, the effects of a magnetic field on asymmetric quantum wells have not been theoretically studied.
Theory
We consider a quantum well (QW) consisting of a GaAs layer sandwiched between two semi-infinite Ga 1−x Al x As slabs. The conduction and valence band of this system is given schematically in Fig. 1 . A uniform magnetic field B is applied perpendicular to the layers. In this paper, the effect of the magnetic field, the well width and the barrier ratio of an asymmetric quantum well is taken into consideration to describe the properties of the excitonic binding in the ground state.
In the framework of the effective mass approximation, the Hamiltonian of the electron-hole system is
where V e (z e ) and V h (z h ) are the confinement potential profiles for the electrons and holes in the z-direction, respectively, A = 
Here we have chosen the origin of the coordinate system to be the center of the GaAs well. In the asymmetric case, we take V
In our calculation in order to describe the ratio of the right confinement potential to the left one, we define the
In our expression for the exciton Hamiltonian we have assumed the same values for the conduction and valence band mass parameters and the static dielectric constant in GaAs and Ga 1−x Al x As. For the most commonly used values of x, these physical parameters are not too different in the two materials [28] . As the dielectric constants of two semiconductors are nearly equal, the image force effect is neglected in the present calculation.
It is convenient to introduce the center-of-mass coordinate R = (m e r e + m h r h )/M, M = m e + m h , and relative coordinate r = r e − r h :
where µ = m e m h /M is the reduced mass in the (x-y) plane and L z is the z-component of the angular momentum operator (in unitsh = 1). By using cylindrical coordinates x = ρ cos φ, y = ρ sin φ, we obtained the Hamiltonian as follows.
where ρ = (x e − x h ) 2 + (y e − y h ) 2 is the relative distance between the electron and hole in the x-y plane.
We then scale all lengths in the exciton Bohr radius a B = ε 0h 2 /µe 2 , and energies in the exciton Rydberg R = µe 4 /2ε 2 0h 2 , to obtain the dimensionless form of the Hamiltoniañ
where γ is the first Landau level expressed in R, γ = eh B/2µcR. The HamiltonianH can be split into three terms: the electron partH e (z e ), the hole partH h (z h ), and the exciton partH ex (ρ, φ), 
The wavefunction = ψ le (z e )ψ lh (z h )ϕ(ρ, α) of the electron-hole system is solved from the Schrödinger
whereẼ is the total energy, ψ le (z e ) and ψ lh (z h ) represents the motion of the electron and hole in the lth state in z-direction, respectively. The motion of exciton in the (x-y) plane is described by the wavefunction of the ground state of a two-dimensional hydrogen-like atom:
where α is treated as a variational parameter. We next evaluate the expectation valuẽ and determine α numerically so as to minimize the eigenenergyẼ. The exciton energy is then obtained as
whereẼ le andẼ lh are the l e th electron and l h th hole subband energy respectively. The binding energy is then obtained fromẼ
Finally, the electron-hole overlap function F(0) which is given by
is calculated as a function of the well width for several σ values. 
Results and discussion
In this study we have calculated the exciton binding energy associated with the electron and hole first subbands (le = 1, lh = 1) as a function of the field strength of magnetic field, well width, and the confinement potential ratios σ .
For the numerical calculations, we take m e = 0.067m 0 , m h = 0.45m 0 , ε 0 = 12.5, a B = 165.591 Å, R = 3.47369 meV, V e L = 228 meV, V h L = 176 meV. These parameters are suitable for GaAs/Ga 1−x Al x As heterostructures with the Al concentration x ∼ = 0.3. We have assumed the conduction-band discontinuity to be 56% of the total band-gap difference, which has recently been suggested as a more appropriate value [28] . Firstly we have considered the symmetric QW(σ = 1) for both electron and hole.
The values of the binding energiesẼ B of the exciton as a function of L for several values of the magnetic field are displayed in Fig. 2 . For comparison, we also show the variation ofẼ B with L for a zero magnetic field. As expected due to the greater confinement, the presence of a magnetic field leads to more binding. For very large L values, the excitonic binding approaches a three-dimensional hydrogen-like system, since in the wide wells the probability of finding the electron and hole in the same plane is very small. The binding energy of the exciton increases as L is reduced until it reaches a maximum and then decreases quite rapidly. For L values where the binding energy is maximal the system has quasi two-dimensional character and the overlap function F(0) between the electron and hole is maximal (see Fig. 6 ). As seen in Fig. 2 the value of L at which the binding energy reaches a maximum is about the same for all values of the magnetic field, and, due to the greater confinement of the electron and hole at large B values, the excitonic binding is more sensitive to the well width L, and decreases sharply with increasing well width. At larger well widths the extension of the wavefunction in the (x-y) plane increases; and this increases the contribution of the magnetic term of the Hamiltonian which is proportional to γ 2ρ2 (eqn (4)). The increment of this positive term gives a decrease in the excitonic binding energy. It also should be pointed out that at very small well widths the penetration of the electron and hole increases, since particles become more energetic, thus the system has a three dimensional character. As seen in Fig. 2 at small L values the binding energy approaches the three-dimensional hydrogen-like system. Now let us consider exciton properties in asymmetric quantum wells. In Fig. 3 we show the exciton binding energy curves by using right and left confinement potentials with σ = 0.8 for different B values. While for large well widths the binding energy shows a similar behavior as that in symmetric QWs, for small well widths the trend is more complicated showing secondary decreasing in the curves due to dimensional transition. As the well width L decreases, the exciton binding energy increases towards the two-dimensional limit. But as L becomes smaller, the energetic and light particle electron begins to penetrate into the barrier. Due to the loss of localization of the electron the binding energy decreases. However, since the less energetic and heavy particle is still bounded (localized) in the well the decrease in the binding energy is not very sharp. Also, as L becomes smaller and smaller the hole delocalizes into the barrier, the decrease in the binding energy begins to sharpen and the exciton completely recovers its three-dimensional behavior, as a result the secondary decreasing occurs in the curves. Therefore we conclude that in asymmetric QWs delocalization of the electron and hole occurs at different well-width values. This behavior is clearly seen in Fig. 3 for large B values. In Fig. 4 for σ = 0.5, we have shown the variation of the binding energy versus the well width for several B values. By comparing this curve with previous ones, it can be seen that the electron and hole delocalize at large L values with respect to the curves for confinement potentials with σ = 0.8. Since the delocalization of the particles are very sensitive to the confinement potential, in the asymmetric quantum wells with σ = 0.8 the electron and the hole delocalize at nearly the same L values ( ∼ =40 Å), but for σ = 0.5 the delocalization of the electron and hole is seen at very different well widths, 100 Å, and 40 Å respectively.
For the confinement potential ratio σ = 0.5 the delocalization of the electron is observed at about L ∼ = 100 Å, and is independent of the magnetic field B. Despite the fact that the electron is not completely localized in the well for L less than 100 Å, the decreasing well width gives an increment in the confinement of the hole until L is about 40 Å, since the hole is not in the delocalization regime. Thus, the binding energy increases and reaches a maximum. Finally, for very small L value, hole delocalization also occurs and the binding energy approaches the three-dimensional value. For quantum well widths in the range 40 Å ≤ L ≤ 100 Å the excitonic binding is observed as a result of the Coulomb attraction of the confinement hole.
The exciton properties for the confinement potential ratio σ = 0.3 are given in Fig. 5 . The excitonic properties in the asymmetric QW with the confinement potential ratio σ = 0.3 behave very similarly to those in the symmetric quantum well. In our calculations we find that, after a critical confinement potential ratio σ , the electron can easily penetrate into the barrier. Thus, the effect that can be seen in excitonic binding due to the delocalization of the electron cannot be seen in this case, and the secondary maximum is not observed on the curves. On the other hand, in this case since the right valence potential barrier is quite small the hole delocalization is observed at larger L values ( ∼ =60 Å) with respect to the results of the QW with confinement potential ratio σ = 0.5.
Finally, we display in Fig. 6 the overlap function F(0) between the electron and the hole as a function of the well width L for several confinement potentials. For very large well widths the overlap function F(0) is not sensitive to the confinement potential ratios. In the quantum well with a very large width the band offsets act on the particles as infinite potential barriers, and the electron and hole wavefunctions are identical. Consequently, as expected, when the well width goes to infinity the probability of finding the electron and hole in the same plane becomes very large, thus F(0) goes to unity.
Summarizing, theoretical investigations of the excitonic properties of asymmetric quantum wells have been presented. The work focused on the symmetry dependence of the electron and hole confinement, electron-hole coupling and excitonic binding in the quantum well under a magnetic field applied in the growth direction. The method used in the present work is capable of describing the correct behavior of excitons, and the effect of a magnetic field on the excitonic structure in asymmetric quantum wells. Calculated results reveal that, using a heterostructure one can tailor the energy band structure by an appropriate layer sequence which may improve the mechanism for light-induced modification of the band structure, obtaining even, enhanced, nonlinear optical properties. This results in an improvement in optoelectronic devices. We also conclude that, in asymmetric heterostructures, the changes in excitonic binding energy and oscillator strengths are larger than the changes that occur in conventional square potential wells and are strongly dependent on the strength of the magnetic field, and the symmetry of the quantum wells. This added degree of freedom yields unique properties that may have applications in switching devices.
